Abstract-Structural wear on impeller blades of industrial centrifugal pumps leads to reduced pump efficiency and occasional plant downtime. An online sensor that can measure the pump wear allows for maintaining the efficiency through a predictive maintenance schedule. A magnetic sensor is designed to measure the structural wear on impeller blades. This sensor can be installed on existing pumps and does not require any pump modifications. Using a magnetic circuit with the pump and its components, wear is estimated by measuring the gap between the impeller and the pump housing. As the impeller wears, the gap between the impeller and the pump housing increases causing the reluctance of the magnetic circuit to increase which in turn reduces the inductance of the coil driving the magnetic circuit. This online magnetic sensor includes an electronic circuit and has an unamplified sensitivity of 0.60 V/mm.
I. INTRODUCTION
On average centrifugal pumps consume between 25% and 60% of the total consumed electrical energy inside process plants depending on the industry [1] . With the increasing energy prices, maintaining the efficiency of pumps is becoming more and more vital for the economic viability of the industrial processes [2] . Improperly operated pumps are very common in the industry and are costing the companies excess amount of money to maintain [3] . Therefore, any improvement to the operation of pumping systems will significantly reduce the total energy cost for plants.
The two most important factors for inefficiencies inside centrifugal pumps are friction losses and volumetric losses. One of the parameters that affects both of these types of inefficiencies is the clearance of the pump impeller. The impeller inside a centrifugal pump is positioned between the housing (or the side-plate for some centrifugal pumps) and the stuffing box as shown in Fig. 1 . The closer the impeller blade is to the housing, the higher the friction loss, on the other hand, when the impeller is positioned or moved away from the housing the volumetric loss increases causing the efficiency to drop significantly [4] . The major cause of the increasing gap between the housing and the pump impeller over time is wear. The location of wear on the pump impeller is indicated in Fig. 2 . To improve pump's operating efficiency, there is a need to measure the internal clearance between the rotating and the stationary components of the pump while the pump is in operation.
A previous study has assessed the magnitude of wear on metallic surfaces through the deposition of a thin resistive film on top of the metallic surface. As wear occurs, the resistance of the film increases and this allows for the measurement of wear [5] . However, this method is not suitable for the aqueous environment of a pump and also the thin film deposition requires specialized tools and this process is expensive. Another method for measuring wear and gap size between rotating plates is through the use of a capacitive or an inductive proximity sensor fixed inside the equipment [6] , [7] . This method is being widely used in the industry for measuring the gap size between refiner plates inside a pulp refiner. Although this method can produce very accurate results, it requires the modification of the equipment which is expensive and will alter the performance of the equipment especially for pumps. This paper describes a sensor for determining the structural wear on impeller blades of a centrifugal pump based on the increasing gap width between the pump's impeller blades and the pump housing. Wear mostly occurs at the tip of the impeller blades [8] ; hence, measurements must be taken at the edge of the impeller as shown in Fig. 2 . These measurements are required in real-time while the pump is in operation to prevent any plant downtime. The cost of the sensor is also an important factor when considering different designs. For a typical 14-inch diameter centrifugal pump in a plant environment, the sensor needs to achieve an accuracy of 0.25 mm and a resolution of 0.1 mm. Since wear occurs very slowly over a period of several months, the response time of the sensor is not critical.
II. SENSOR PRICIPLE
To measure the gap width inside the pump, a magnetic circuit is created by placing a centrifugal pump axially in the path of the circuit closing the loop with the pump's housing and the components inside (Fig. 3) . The body of this magnetic circuit (the fluxguide) is made from high permeability material to direct the magnetic flux and minimize flux leakage. The circuit also includes a flux source composed of a magnetic coil; using a coil as opposed to a permanent magnet reduces the effect of noise from the plant environment on the output signal. By incorporating the pump in the magnetic circuit with the flux path crossing the clearance between the impeller blades and the housing, the reluctance of the magnetic circuit will depend on the material properties and the geometry of the pump components and also the clearance between the impeller blades and the housing.
For this study, a two-blade 14-inch open impeller 40-HP centrifugal pump by Westcan is considered. All components of the pump are made from cast iron with the relative permeability of µ p = 500. This is common for the majority of centrifugal pumps used in the industry. The thickness of the pump housing l h , the stuffing box l tb , the side-plate, l cg , and also the gap width between the stuffing box and the impeller l sp are measured. The impeller thickness l im and the gap width between the impeller and the side-plate l vg , vary as wear occurs on the blades of the impeller. Since the permeability of the impeller is much higher compared to the permeability of the gap (1:500), the effect of the impeller on the total reluctance of the circuit can be neglected to simplify the model. We also select a material for the fluxguide with a high relative permeability µ c .
To measure wear on the impeller blades of the centrifugal pump, we measure the change in the total reluctance of the circuit [9] . The total reluctance of the circuit created with the pump
is composed of a varying reluctance
and a constant reluctance
When wear increases on the impeller blades, the reluctance of the varying gap increases, leading to an increase in the total reluctance of the circuit. To measure this value in real time, we use the inductance of the magnetic coil attached to the sensor. The inductance of the magnetic coil
can be written as a function of the total reluctance of the circuit and the number of turns on the coil [10] . This indicates that as the total reluctance of the circuit increases due to wear, the inductance of the coil will drop. 
III. SENSOR CHARACTERIZATION & OPTIMIZATION
Using the physical properties of the sensor and the pump in equations (1), (2), (3) and (4), leads to a 6.75% drop in the inductance of the coil as the gap increases from 0.65 mm where there is no wear on the impeller blades to 2.50 mm which indicates the maximum gap between the impeller and the pump housing. This provides enough sensitivity for accurate wear measurements in an ideal environment and proves the feasibility of the sensing concept.
This sensor response is verified with finite element simulations (COMSOL Multiphysics) using the more realistic 3D model of the sensor and the pump shown in Fig. 4 . The simulation yields the inductance of the coil at an excitation frequency of 10 kHz and impeller rotational velocity of 3600 RPM. Fig. 5 shows the coil inductance L coil as a function of the impeller's angular position. As expected, the inductance of the coil peaks when the impeller crosses the sensor probe. Since the pump under investigation has two impeller blades, this peak inductance occurs twice during every full rotation of the impeller. To measure wear, only the peak inductance is taken into consideration. Fig. 6 shows the peak inductance as a function of the varying gap width l vg . The inductance of the coil varies 3.6% as the size of the varying gap changes from 0.65 mm to 2.50 mm. The difference in the result of the analytical model and the numerical simulation is primarily due to the flux leakage to the surrounding air and to the pump housing that is neglected in the simpler analytical model. The sensor performance obtained using the 3D simulation was in fact achieved by optimizing the geometry and the material properties of the fluxguide as well as the magnetic coil used in the sensor. The design parameters of the fluxguide are the cross-sectional area, the length of the assembly, and the permeability of the material used for the fluxguide. The optimum design for the fluxguide corresponds to the shortest length with the largest cross-sectional area, but physical constraints for the geometry such as design limitations and cost had to be taken into account as well. A higher magnetic permeability of the fluxguide material increases the sensitivity of the sensor until it saturates at a permeability just below 10, 000. This indicates that there is no significant improvement to the sensor once the permeability of the material reaches this limit. For this sensor, we selected the material M100 (MnZn ferrite) from General Magnetics Inc. with an initial relative permeability of µ c = 10, 000 and saturation flux density of 0.42 T. The design of the magnetic coil used in the sensor has little effect on the sensitivity of the sensor.
IV. MEASUREMENT CONCEPT
To acquire the inductance of the magnetic coil required to measure the reluctance of the circuit, an external capacitor C ext is connected in parallel with the coil. The capacitance of this external capacitor combined with the parasitic capacitance of the coil C p creates a total capacitance of C = C ext + C p . The presence of the capacitance in parallel with the coil results in resonance in the circuit and this improves the sensitivity of the sensor. To measure the inductance, a shunt resistor R is connected in series with the coil and the capacitor and a voltage is applied across the entire circuit as represented in Fig. 7 . The output voltage across the shunt resistor is a measure for the inductance of the magnetic coil inside the sensor. The inductance value is then used to estimate wear on impeller blades of the centrifugal pump.
V. RESULTS & DISCUSSION
To measure the change in the inductance of the coil, a 1000-turn coil is designed, fabricated and placed on the pump. The experimental results show good agreement with the analytical model as shown in Fig. 8 . The notch in this plot occurs at the resonant frequency of the circuit
The inductance values from the numerical simulation are used with the circuit's analytical model to predict the behaviour of the sensor. When wear occurs on the impeller blades, the inductance of the coil drops, shifting the response curve of the sensor as shown in Fig. 9 . A high sensitivity can be achieved when the coil is operated near the circuit's resonant frequency. With an input voltage of 10.0 V at a constant frequency of 10 kHz, the sensor has a sensitivity of 0.60 V/mm. 
VI. CONCLUSIONS
In this paper, we have studied the use of a magnetic circuit for wear measurement of the impeller of centrifugal pumps without any modifications to the pump itself. The simulations yield a sensitivity of 0.60 V/mm which is sufficient for precise measurement of wear. The sensor is able to measure wear while the pump is in operation to prevent any downtime. The next step is to build a prototype of the sensor and validate the simulation results by installing the sensor on a physical pump in a plant environment.
